The Notch-Delta signaling pathway controls many conserved cell determination events. While the Notch end is fairly well characterized, the Delta end remains poorly understood. Mind bomb1 (MIB1) is one of two E3 ligases known to ubiquitinate Delta. We report here that a targeted mutation of Mib1 in mice results in embryonic lethality by E10.5. Mutants exhibit multiple defects due to their inability to modulate Notch signaling. As histopathology revealed a strong neurogenic phenotype, this study concentrates on characterizing the Mib1 mutant by analyzing Notch pathway components in embryonic neuroepithelium prior to developmental arrest. Premature neurons were observed to undergo apoptosis soon after differentiation. Aberrant neurogenesis is a direct consequence of lowered Hes1 and Hes5 expression resulting from the inability to generate Notch1 intracellular domain (NICD1). We conclude that MIB1 activity is required for S3 cleavage of the Notch1 receptor. These results have direct implications for manipulating the differentiation of neuronal stem cells and provide a putative target for the modulation of specific tumors. q 2005 Elsevier Ireland Ltd. All rights reserved.
The Notch signaling pathway is an evolutionarily conserved mechanism through which cellfate isdetermined. Althoughthe core components are universal, modulation occurs at almost every level in a tissue-specific manner. Genetic aberration in any one of the modulatory genes generally results in tissuespecific defects, whereas a deficient core gene results in a range of embryological defects, ending with developmental arrest (Conlon et al., 1995; de la Pompa et al., 1997; Hrabe de Angelis et al., 1997; Huppert et al., 2000) . Those regarded as 'core genes' encode Notch-like proteins which act as bifunctional cell signaling components in that they serve as cell surface receptors as well as direct mediators of gene activation; Delta/ Serrate/LAG-2 (DSL) ligands; and the transcription factor CBF1/Su(H)/LAG1 (CSL). Mammals contain one or more orthologsofeachofthese.Delta-andNotch-relatedproteinsare all single-pass transmembrane (TM) proteins. Physical interaction between ligand and receptor results in proteolytic cleavage of the extracellular domain of Notch by the protease TNFa-converting enzyme (TACE) (Six et al., 2003) . Deltamediated trans-endocytosis of the Notch extracellular domain (NECD)intotheligand-bearingcellfollows (Parksetal.,2000) . Furthermore, Delta is processed in a way analogous to that described for Notch, so as to produce an intranuclear fragment (Bland et al., 2003; Six et al., 2003) . The remaining membranetethered Notch protein on the receptor-bearing cell gets endocytosed as well. Current evidence suggests that only then is it accessible to TM processing known as S3 cleavage through g-secretase-like activity. This leads to the release and nuclear translocation of NICD (Gupta-Rossi et al., 2004) . However, whether such cleavage takes place at the cell surface remains disputed (Chyung et al., 2005; Tarassishin et al., 2004) . Finally, CSL is a sequence-specific DNA-binding protein that in the absence of Notch signaling associates with transcriptional co-repressors. Following Notch activation, the CSL corepressor complex is replaced by a co-activator complex coordinated by NICD. It is through this mechanism that Notch activity regulates transcription of the basic helix-loop-helix (bHLH) Hairy-Enhancer of Split (Hes) and HES-related with YRPW motif (Hey) transcriptional repressors (Iso et al., 2003) .
Identification of ubiquitin E3 ligases, which are expressed in temporally and spatially controlled dynamic circumstances, bring them to the forefront as regulators of Notch signaling (Lai, 2004; Schweisguth, 2004) . Thus, by targeting many of the cell signaling components for destruction, ubiquitination acts as an important physiological regulator (McGill and McGlade, 2003; Nie et al., 2002; Qiu et al., 2000) . Moreover, recent evidence also shows that both ligand and receptor activity depend on ubiquitinationtriggered endocytosis (Le Borgne et al., 2005; Chen and Casey Corliss, 2004; Deblandre et al., 2001; Gupta-Rossi et al., 2004; Itoh et al., 2003; Lai, 2005; Lai et al., 2001) . Delta is substrate for at least two independent ubiquitination events. One mediated by Neuralized (NEURL) Lai et al., 2001 ) and the other by Mind bomb1 (MIB1) (Le Borgne et al., 2005; Chen and Casey Corliss, 2004; Itoh et al., 2003; Lai, 2005) . However, Neurl is nonessential during mammalian embryogenesis as the knockout of either of its two family members is not lethal (Nastasi et al., 2004; Ruan et al., 2001; Vollrath et al., 2001) .
There are two highly conserved Mind bomb genes in mammals: Mib1 (Dip-1; Jin et al., 2002) and Mib2 (Koo et al., 2005 ) (Skeletrophin; Takeuchi et al., 2003) , and in Drosophila D-mib and D-mibl (Le Borgne et al., 2005; Lai, 2005) . At the amino acid level, mouse and human MIB1 are 99.7% similar (Fig. 1a) , whereas mouse with zebrafish is 95.3% similar (not shown). MIB1 is an E3 ubiquitin ligase of the RING finger type. This 110 kDa protein contains five characteristic domains, as well as two novel motifs recently annotated as Mib/Herc2 and Mib repeat (Itoh et al., 2003) (Fig. 1b) . Previous work has identified two of its substrates, DeltaA (Dla in zebrafish, DLL1 in mammals) (Chen and Casey Corliss, 2004; Itoh et al., 2003) and Death associated protein kinase1 (DAPK1) (Jin et al., 2002) . Furthermore, MIB1 was found capable of autoubiquitination, suggesting that it might regulate its own cytoplasmic levels via the proteosome (Jin et al., 2002) .
We first analyzed a neurogenic zebrafish mutation now known as mib hi904 (Golling et al., 2002) , and through complementation tests found it to be allelic to the previously known mib m132 mutant (our personal data and ref. (Chen and Casey Corliss, 2004) ). In order to address Mib1 function in a mammalian system, we genetically engineered mice carrying a germline mutation of Mib1. We show here that this mutation precipitates a complete collapse of the NotchDelta signaling pathway by E9.5.
Results

Mib1 expression in mouse
The expression of Mib1 transcript was analyzed by Northern blot and in situ hybridization of embryos. Its expression peaked during two periods of embryonic development (E6.5 and E10.5-11.5), after which point expression declines (Fig. 2a) . In adult tissues Mib1 expression is highest in brain, lung, kidney and testis. Two alternatively spliced messages were detected; one of 10 kb and another of 4 kb particularly highly expressed in testis, though the functional relevance of the latter remains unknown (Fig. 2a) . In situ hybridization of embryos revealed a diffuse localization with prominent staining in the nervous system, branchial arches and presomitic mesoderm (Fig. 3i ).
Mib1 null mutants are embryonic lethal
To address Mib1 function, we generated a targeted mutation that deleted a portion of exon 1 which contained the start codon (Fig. 2b) . No homozygous mutants were observed when newborns were genotyped, suggesting a critical role during development. As suspected, mutants were found to be recessive embryonic lethal by E10.5, which was confirmed with yolk sac PCR genotyping (Fig. 2c) . RT-PCR analysis of homozygous mutants showed complete absence of Mib1 transcript (Fig. 4a) . MIB1 immunoblot detects a single specific protein of a 110 kDa (Fig. 2d ). Although several cross-reacting proteins are present, the 110 kDa band is absent in Mib1 homozygotes, indicating that we have generated a null mutation and hereafter refer to them as Mib1 K/K embryos. The most visible defects in mutant embryos are neural tube kinks apparent by E8.5. Somites if at all present, are fewer in number than in normal littermates and irregular with indiscrete edges (Fig. 5a,b) . By E9.5 defects are more dramatic, resulting in a foreshortened body axis. The second branchial arch is never made. At this stage pericardial edema and a poorly folded heart become visible (Fig. 5c,d ). Upon dissection vascularization defects were observed in the embryo as well as the yolk sac (data not shown). By E10.5 although the heart frequently continues to beat weakly, mutant embryos display a histologically necrotic neuroepithelium and are moribund (data not shown). They die around this time point presumably from lack of a placental connection, as indicated by a rounded allantois (Fig. 5d ).
Mib1 loss of function results in neuronal differentiation defects
In contrast to the somite and vascular defects, the head of E9.5 mutant embryos appeared grossly normal. However, histopathology revealed that Mib1 loss of function results in dramatic neuroepithelial defects ( Fig. 5f,g ). Within this tissue, there is a dearth of cells ( Fig. 5e versus g ) and structural integrity is frequently compromised (Fig. 5f ). To test for differentiation in Mib1 K/K embryos, transverse sections were taken from embryonic brain. Class III Beta Tubulin (TUBB3) IHC was assessed on neuroepithelium, as it is one of the earliest known neuronal markers (Fanarraga et al., 1999) . Wild-type embryos at E9.5 revealed a row of nascent neurons along the pial surface (Fig. 5h ).
Immediately neighboring these TUBB3 positive cells, there are many negative, as yet uncommitted cells consistent with Notch-mediated lateral inhibition. In contrast, Mib1 K/K neuroepithelial cells prematurely differentiate en masse. Not only is there no evidence for lateral inhibition, but differentiation within the tissue is no longer polarized towards the pial surface (Fig. 5i) .
Despite the presence of non-specific proteins in MIB1 immunoblots (Fig. 2d) , cross-reactivity in mutants is restricted to the mesenchyme and not present in neuroepithelium (Fig. 6a) . This makes it possible to follow the in vivo expression pattern of MIB1 within wild-type neuroepithelium. Using confocal immunofluoresence, it appears MIB1 protein expression is modified during neurogenesis. In wild-type E9.5 embryos, MIB1 is upregulated within the neuroepithelium specifically in the region undergoing differentiation (Fig. 6m) (Haubensak et al., 2004) . This is supported by an increase in MIB1 immunoreactivity towards the pial surface where nascent neurons are found, as shown by MIB1/TUBB3 colocalization (Fig. 6i,o) . This strongly implies that MIB1 is functionally relevant during neurogenesis. Furthermore, unrestricted TUBB3 expression in mutants coincides with active Caspase 3 (CASP3) (Fig. 6f) . Suggesting that unlike the zebrafish mib mutant, premature neurons undergo apoptosis soon after differentiation (Chen and Casey Corliss, 2004; Itoh et al., 2003) . This may explain the dearth of neuroepithelial cells often seen in H&E stained mutant sections (Fig. 5g ).
Mib1
K/K embryos misexpress Notch-related transcripts
The phenotypic similarity of Mib1 K/K embryos to the Notch1 and Csl knockouts led us to analyze the in situ expression pattern of several Notch pathway components at E9.5 (de la Pompa et al., 1997; Oka et al., 1995) . Notch1 transcript in wild type localizes to the neural tube, paraxial mesenchyme, developing vasculature, somites and the presomitic mesoderm (de la Pompa et al., 1997) . Interestingly, in the Mib1 K/K embryos, Notch1 transcript was found to be misexpressed predominantly in the mesencephalon and neural tube (Fig. 3e,f) with lowered expression in the presomitic mesoderm. In wild type, Dll1 transcript is expressed in the neural tube, presomitic mesoderm and also defines the posterior half of all somites (Hrabe de Angelis et al., 1997) . In contrast, Mib1 K/K embryos showed definite spatial misexpression of the Dll1 transcript exclusively in the neural tube in addition to a significant reduction within the presomitic mesoderm ( Fig. 3a-d) . Another ligand of Notch1 is Jagged1 (Jag1). In wild type its expression is found in the developing brain, ear, branchial arches, trunk mesenchyme, and tail bud (Xue et al., 1999) . Mutant embryos showed a lower level of Jag1 in all the relevant structures with prominent misexpression in the mesencephalon (Fig. 3o,p) . Fig. 3 . Whole-mount embryo RNA in situ hybridization. RNA in situ hybridization at E8.5 (a-b, k-l) and E9.5 (c-j, m-t). Dll1 and Lfng (a-d, k-n, respectively). Notch1 and Jag1 (e-f, o-p, respectively). Hes1 and Hes5 (g-h, q-r, respectively), Mib1 and Dapk1 (i-j, s-t, respectively). Mib1 knockout corroboration in (j). All figures labeled according to phenotype followed by the name of the transcript for which they were analyzed. Abbreviations employed to indicate phenotype are "wt" for wild type littermate and " K/K " for Mib1
embryos. Scale bar: 500 mm.
Several Notch modifiers and downstream targets were also examined. The Notch1 glycosyl transferase, Lunatic fringe (Lfng) in wild type has a characteristic pattern in the future nervous system. Particularly striking at E9.5 is its absence in the forebrain-midbrain boundary and the isthmus that defines the mesencephalon (Fig. 3m) . Interestingly, no such patterning of the midbrain was observed in mutants even though a strong neural expression was evident (Fig. 3n) . Furthermore, upon examining Lfng expression at E8.5, Mib1
K/K embryos do not reveal newly formed somites as defined by this transcript (Fig. 3k versus l) . Hes1 and Hes5 transcriptional repressors downstream of Notch1 showed greatly diminished expression in null embryos (Fig. 3g,h and q,r, respectively) . Taken together, this data indicates that absence of Mib1 disrupts Notch1 signaling and neural patterning.
Since DAPK1 is also a substrate of MIB1, the expression pattern of its transcript was analyzed for the first time in the embryo. In wild type at E9.5, Dapk1 transcript was observed in the developing ear, eye, branchial arches, paraxial mesoderm and in some vascular tissue, excluding the heart. Interestingly, Mib1 K/K embryos seem to also misexpress Dapk1 in the brain and neural tube (Fig. 3s,t) . The implications of this result regarding a possible role for DAPK1 along with MIB1 during embryonic development is as yet unclear.
Mib1 deficiency disrupts Notch signaling
To obtain a broader profile of Notch pathway genes deregulated in the Mib1 K/K , RT-PCR analyses were performed from individual E9.5 wild type and mutant embryos. Primers to Notch1, Jag1 and Lfng transcripts all showed lower levels within the mutant (Fig. 4a) . The null embryo showed strong, albeit mislocalized Dll1 transcript (Fig. 3d) , even though its RT-PCR levels remained unchanged (Fig. 4a) . The Notch1 transcriptional coactivators Csl and Mastermind like1 (Maml1) were also analyzed, in addition to the genes they activate (Wu et al., 2000) . The latter consisted of Hes1, Hes5, Hey1 and Hey2. With the exception of Csl and Hey2, all of these genes analyzed showed lowered expression in the mutant as compared to wild type (Fig. 4a) . Noteworthy is the down regulation of Maml1, which may further contribute towards disruption of the pathway. Csl serves as a co-activator for Notch signaling but is regulated in a Notch-independent manner (de la Pompa et al., 1997). Hey2 transcript levels in the mutant can be attributed to the fact that only Hey1 and not Hey2 strictly reflects JAG1 and DLL1 stimulated Notch1 signaling (Iso et al., 2001) .
Lastly, analyses of proneural transcription factors found Mouse achaete-scute homolog1 (Mash1) and Mouse atonal homolog1 (Math1) to be down-regulated in the mutant (Fig. 4a) . This might appear counterintuitive given the neurogenic nature of our phenotype. However, Mash1 and Math1 are pivotal during later stages of differentiation where they specify subsets of differentiating neurons (BenArie et al., 1997; Guillemot et al., 1993 ).
Mib1
K/K embryos fail to activate Notch1 in vivo Mib1 K/K embryos express full length Notch1 protein (data not shown). Therefore, with the intention to better understand how Notch signaling is disrupted, we asked whether MIB1 acts up-or down-stream of Notch1 activation. To answer this question, efforts were focused on the Mib1 K/K embryo's capacity to generate NICD1. For this, we resorted to an antibody, which specifically recognizes a neo-epitope exposed only after the Notch1 receptor has been cleaved between Gly1743 and Val1744 (S3 cleavage). With a wild-type littermate as control, NICD1 immunoblot detects a single specific protein of a 110 kDa. This band is absent in the Mib1 K/K embryo (Fig. 4b) . Together with the RTKPCR data, this proves that Mib1 K/K embryos fail to activate the Notch1 receptor. In order to prove that this underlies the Mib1 K/K neurogenic phenotype, we had to corroborate Hes5 down regulation (Figs. 3r and 4a) at the protein level. Therefore, we analyzed NICD1 and HES5 co-localization within embryonic neuroepithelium at E9.5. In wild type, NICD1 immunoreactivity was weak (Fig. 7b) . Higher magnification revealed a speckled-like distribution (Fig. 7h) . NICD1 was observed to co-localize with DAPI, corroborating its nuclear presence (Fig. 7k) . However, its subcellular localization was by no means restricted to the nucleus. This is in disagreement with an earlier study (Tokunaga et al., 2004) . In contrast, no immunoreactivity was observed in sections derived from
K/K embryos (Fig. 7t) . The absence of immunoreactivity within the negative control (Notch1 K/K ) confirms the specificity of the antibody (Fig. 7n) . These results directly correlate with HES5 immunoreactivity, which was prominent throughout wild type neuroepithelium, but not in K/K neuroepithelium prematurely differentiates en masse. All sections 7 mm. Scale bars: a-d 500 mm; e-g 50 mm; h, i 20 mm. that of the mutants (Fig. 7i versus o,u) . Finally, TUBB3 was assessed so as to correlate these results with aberrant neurogenesis (Fig. 7v ).
Discussion
MIB1 was first characterized as an E3 ligase through its capacity to interact with and ubiquitinate DAPK1 (Jin et al., 2002) . However, the latter has been most extensively studied for its relevance in apoptosis and oncogenesis, with little known about its role during embryonic development (Raveh and Kimchi, 2001; Tada et al., 2002) . Previous studies have established the Notch ligand Delta as another substrate of MIB1. This interaction has been shown to regulate Delta cell-surface levels, possibly through ubiquitin-triggered endocytosis (Chen and Casey Corliss, 2004; Itoh et al., 2003; Lai, 2005; Le Borgne et al., 2005) .
Our experiments with the Mind bomb1 knockout have revealed that its developmental relevance is maintained in higher vertebrates. Even though MIB1 is known to act upon two different proteins, it would appear that the main phenotype observed in our mutant pertains to DLL1. Since the aim of this study was to provide an initial characterization of the murine Mib1 knockout, we did not directly assess how this might affect the Notch signaling mechanism per se. However, our data does allow us to infer conclusions in this respect.
We show that abolishing MIB1 activity in mice severely reduces Notch signaling. Four lines of evidence are consistent with earlier studies. The first comes as a direct result from our mutant phenotype, where developmental defects can be seen in all instances where Notch signaling is required. Similar to the Notch1 and Csl knockouts, Mib1 K/K embryos undergo mid-gestation lethality. Second, when assessing various components of the Notch pathway at E9.5, mutant embryos clearly misexpress many downstream targets. Third, our IHC data reveals patterns of expression, which reflect the loss of Notch-mediated lateral inhibition and directly implicates MIB1 in neurogenesis. We demonstrate that active cell death is deregulated in this process. Finally, confirmed through immunoblot was the mutant's failure to generate NICD1. Hence, establishing that MIB1 activity is required for S3 cleavage of the Notch1 receptor. As a result, the near absence of Hes1 and HES5 would account for the neurogenic phenotype, as these transcriptional repressors are responsible for maintaining neuroepithelial cells in an undifferentiated state (Hitoshi et al., 2002) .
MIB1 activity, as far as Notch signaling is concerned, may possibly extend beyond its interaction with Delta. Recent work in Drosophila suggests that MIB1 modulates the cell surface levels of yet another Notch ligand, two homologs of which are found in mammals, Jag1 and Jag2 (Lai, 2005; Le Borgne et al., 2005; Mitsiadis et al., 1997; Sidow et al., 1997) . Whether Notch-ligands and their respective receptors get mono-, multiple mono-, or poly-ubiquitinated at the cell surface is important to understand the mechanism by which adjacent cells signal (Haglund et al., 2003; Hicke and Dunn, 2003) . If MIB1 functions in a cell-autonomous fashion has yet to be determined as well. Finally, how failure to down-regulate DSL cell-surface levels could ultimately abolish Notch signaling rather than enhance it remains a central issue.
Experimental procedures
Northern blot
Mouse embryonic and adult tissue total RNA blots were purchased from Seegene (USA, Del Mar, CA). They were probed with Mib1 cDNA (1-1170 bp), stripped, and then reprobed with Gapdh as a loading control.
Generation of mutant mice
Mice were maintained under UT Austin IACUC protocol #03030701. Mouse Mib1 cDNA sequence was identified using BLAST analyses to the Danio hi904 partial sequence and Drosophila CG5841. The knockout construct was made by inserting a 1.7 kb 129SvEv (129S6) genomic fragment upstream of exon 1 into pCH110 vector. Together with the bgalactosidase gene, it was cloned into the pPNTeI vector, which contains a PGK-neo cassette. A 4.0 kb fragment downstream of the start codon was then inserted into the Xho1/NotI site to make the complete construct. Correctly targeted ES cell clones were identified by Southern blotting using external probes to both 5 0 and 3 0 regions of the construct. Chimeras were mated to BTNTTF/Art in order to obtain germline transmission. The mutation was then backcrossed to BTNTTF/Art. Heterozygous F1 animals were tested by Southern blotting and subsequent PCR genotyping.
Analysis of Mib1
K/K embryos
Vaginal plugs observed at noon in female mice were considered as E0.5. Mutant embryos were identified by their phenotype and confirmed by yolk sac PCR typing. This multiplex PCR reaction was done with three primers, which gave a 600 bp band for the wild-type allele and a 450 bp band for the mutant allele. Primers used were New1p-5 0 CGAGTGATGGTGGAGGG; Neo66-5 0 ATGCTCCAGACTGCCTTG and 9233-3 0 GCTCAACAAAGCAAAGGCACCAAGAGACGGATCC.
In situ
Whole-mount embryo in situ hybridizations were done using Digoxigenin (DIG) labeled mouse RNA probes as described in Conlon and Rossant (1992) . BM purple (Roche Diagnostics) was used to detect the alkaline phosphatase-conjugated anti-DIG antibody (Roche Diagnostics). Antisense probes: Mib1 cDNA was cloned using Mib1 primers specific to the first 1170 bp by RT-PCR from E9.5 RNA (current NCBI Accession No. NM-144860). Dapk1 was cloned by RT-PCR from E9.5 RNA using primers specific to Dapk-b cDNA (Accession No. AY245540). Notch1 and Jag1; Dll1 and Lfng; Hes1 and Hes5 probes were generously provided by Thomas Gridley, Ronald Conlon and Francois Guillemot, respectively.
RT-PCR
RT-PCR was carried out on individual embryos. Three micrograms of total RNA was used for each RT reaction using SuperScript IIe (Invitrogen, Carlsbad, CA). Two microliters of the RT reaction was used for every PCR reaction. PCR products were resolved on a 1% agarose gel in 1X TBE. Gapdh primers were used as control.
Antibodies
Primary antibodies used were rabbit anti-CASP3 (which specifically recognizes the p17 fragment of active Caspase 3) (Abcam, Cambridge, MA), rabbit anti-NICD1 (which recognizes the cytosolic domain of Notch1 only when cleaved between Gly1743 and Val1744) (Cell Signaling Technology, Inc., Beverly, MA), rabbit anti-MIB1 was a gift from Patricia Gallagher (raised against MIB1 peptide residues 493-1006), mouse monoclonal anti-TUBB3 (reacts with neuron-specific Class III Beta Tubulin) (Abcam, Cambridge, MA) and goat anti-HES5 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Secondary antibodies used were horseradish-peroxidase (HRP)-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), Cy2-conjugated donkey anti-goat IgG (Abcam, Inc., Cambridge, MA), Cy3-conjugated goat anti-mouse IgG, anti-rabbit IgG and donkey anti-rabbit IgG (Amersham Biosciences, Piscataway, NJ). Donkey anti-goat, rabbit and mouse IgG are all affinity purified sera conjugated to Alexa Fluor w 488, 594 and 647, respectively (Molecular Probes, Eugene, OR).
Immunoblot
Embryos were homogenized in 2! SDS-PAGE sample buffer. Total protein from individual embryos was loaded per lane. Protein lysate was then fractionated by electrophoresis through a 7.5% SDS-polyacrylamide gel and transferred to Optitran w nitrocellulose (Schleicher & Schuell BioScience, Keene, NH). Protein transfer was verified by Ponceau S stain. Blots were blocked overnight in 5% non-fat milk in 1! PBS, incubated with primary antibody (1:1000) for 1 h, washed and then incubated with HRP-conjugated secondary antibody (1: 5000) for 1 h. Immunoreactivity was detected on BioMax w film (Kodak, New Haven, CT) using Western Lightning w chemiluminescent enhanced luminol (PerkinElmer, Torrance, CA). Optimal film exposure was timed at 45 s.
Histology
For histological analysis, embryos were fixed in 4% paraformaldehyde during 4 h and embedded in Paraplast w (Oxford, St Louis, MO). Seven micrometer serial sections were obtained and stained with hematoxylin-and-eosin (H&E) for routine analysis or further processed for immunohistochemistry (IHC).
Immunohistochemistry (IHC)
Histological samples were deparaffinized. Antigen retrieval was achieved by 30 min incubation with 10 mM citric acid buffer (pH 3) at 37 8C. Sections were blocked with 3% BSA in 1! PBS then incubated with primary antibodies (1:500) at 4 8C overnight. Samples were drained and washed before incubating with secondary antibodies (1: 200) for 5 min. Following thorough washes, samples were briefly dehydrated, air dried and mounted with Permounte (Fisher Scientific, Fairlawn, NJ).
Image acquisition and processing
Light microscopy was carried out on a SZH10 microscope (Olympus Optical, Hamburg, Germany) and standard fluorescence microscopy on an Axioplan 2 MOT epifluorescence microscope (Carl Zeiss, Gö ttingen, Germany). Images were captured via CCD camera (Optronics, Goleta, CA). Confocal imaging was achieved with a TCS 4D confocal microscope (Leica Microsystems, Bannockburn, IL). Confocal stacks were processed using Image J software. Final image panels were collated using Photoshop w cs (Adobe Systems, San Jose, CA).
